HD-A153  iii 


UNCLASSIFIED 


BASIC  EMC  TECHNOLOGV  ADVANCEMENT  FOR  C3  SVSTEMS  VOLUME 
4F  PREDICTION  OF  C.  .  CU)  SOUTHEASTERN  CENTER  FOR 
ELECTRICAL  ENGINEERING  EDUCATION  INC  S.  . 

U  E  BEECH  ET  RL.  DEC  84 


F/G  9/2 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BUREAU  OF  STANDARDS  1963-A 


AD-A153  111 


RADC-TR-S2-286,  Vol  IVf  (of  six) 
Final  Technical  Report 
Dacambar  1984 


a> 


BASIC  EMC  TECHNOLOGY  ADVANCEMENT 
FOR  C3  SYSTEMS  -  Prediction  of  Crosstalk 
in  Flatpack  Coaxial  Cables 

Southeastern  Center  for  Electrical  Engineering  Education 


Wayna  E.  Booch  and  Clayton  R.  Paul 


APPROVED  FOR  PUBLIC  RELEASE;  DISTRIBUTION  UNLIMITED 


DTIC 

ELECTE 
MAY  2  1985 


ROME  AIR  DEVELOPMENT  CENTER 
Air  Force  Systems  Command 
Griff iss  Air  Force  Base,  NY  13441-5700 


This  report  has  been  reviewed  by  the  RADC  Public  Affairs  Office  (PA)  snd 
is  releasable  to  the  National  Technical  Information  Service  (NTIS) .  At  NTIS 
it  will  be  releasable  to  the  general  public,  including  foreign  nations. 

RADC-TR-82-286,  Volume  IVf  (of  six)  has  been  reviewed  and  is  approved 
for  publication. 


APPROVED:  ^ 

ROY  F.  STRATTON 
Project  Engineer 


APPROVED: 

W.  S.  TUTHILL,  Colonel,  USAF 

Chief,  Reliability  &  Compatibility  Division 


FOR  THE  COMMANDER: 

JOHN  A.  RITZ 

Acting  Chief,  Plans  Office 


If  your  address  has  changed  or  if  you  wish  to  be  removed  from  the  RADC 
mailing  list,  or  if  the  addressee  is  no  longer  employed  by  your  organization, 
please  notify  RATO  (RBCT)  Griffiss  AFB  NY  13441-5700.  This  will  assist  us  in 
maintaining  a  current  mailing  list. 

Do  not  return  copies  of  this  report  unless  contractual  obligations  or  notices 
on  a  specific  document  requires  that,  it  be  returned. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE 


REPORT  DOCUMENTATION  PAGE 


la  REPORT  SECURITY  CLASSIFICATION 

UNCLASSIFIED _ 

2m  SECURITY  CLASSIFICATION  AUTHORITY 

N/A _ 

2b  OEClASSiFiCATION/OOWNGRAOiNG  scheoule 

N/A _ 

A  PERFORMING  ORGANIZATION  REPORT  NUMSER(S) 

N/A 


6*  NAME  OF  PERFORMING  ORGANIZATION  6D. 

Southeastern  Center  for 
Electrical  Engineering  Education 

6c  AOORESS  (City.  Stale  and  ZIP  Code I 

1101  Massachusetts  Avenue 
St.  Cloud  FL  32706 


lb.  RESTRICTIVE  MARKINGS 

_ N/A _ 

3  DISTRIBUTION/AVAILABILITY  OF  REPORT 

Approved  for  public  release; 
distribution  unlimited. 

ERIS)  ™  ’  ~  5.  MONITORING  ORGANIZATION  REPORT  NUMBERIS) 

RADC-TR-82-286 ,  Vol  IVf  (of  six) 

D.  OFFICE  SYMBOL  7«.  NAME  OF  MONITORING  ORGANIZATION 
tlf  applicable } 

Rome  Air  Development  Center  (RBCT) 


8a.  NAME  OF  FUNDING/SPONSORING 
ORGANIZATION 

Rome  Air  Development  Center 

Be  AOORESS  (City.  State  and  ZIP  Code ) 

Griff iss  AFB  NY  13441-5700 


8b.  OFFICE  SYMBOL 
(If  applicable) 


7b.  ADORESS  (City.  State  and  ZIP  Code i 

Criffiss  AFB  NY  13441-5700 

9.  PROCUREMENT  INSTRUMENT  IDENTIFICATION  NUMBER 

F30602-81-C-0062 

10  SOURCE  OF  FUNDING  NOS. _ 

PROGRAM  PROJECT  TASK  WOR 

ELEMENT  NO  NO.  NO.  I 

62702F  2338  03  3: 


Prediction  of  Crosstalk  in  Flatpack  Coaxial  Cables 

12.  PERSONAL  AUTMOH1SI 

Wayne  E.  Beech,  Clayton  R.  Paul _ _ 


PROJECT 

TASK 

WORK  UNIT 

NO. 

NO- 

NO 

2338 

03 

35 

FOR  SYSTEMS  - 

14  OATE  OF  REPORT  r Vr,  Mo..  Day > 

December  1984 


IS.  PAGE  COUNT 

114 


17 

COSATI  COOES  1 

fielo 

GROUP 

SUB  GR 

.  t)<f 

m 

- LZ - 

__U2 _ 

_ 1 - 

13*.  TYPE  OF  REPORT  1 3b.  Tl ME  CO VE RE O  14.  OATE  OF  REPORT  <Yr,  Mo..  Day!  IS.  PAGE  COUNT 

Final  from  Sep  82  to  Dec  83  December  1984  114 

16  SUPPLEMENTARY  NOTATION  ~ 

Work  was  performed  at  University  of  Kentucky,  Lexington,  KY  40506 
Project  F.ngineers:  Gerald  Capraro  and  Roy  F.  Stratton 

17  COSATI  COOES  18.  SUBJECT  TERMS  (Continue  on  reverse  if  neceuar y  and  identify  by  block  number > 

fielo  GROUP  SUB  OR  Crosstalk  ,  Electromagnetic  Compat  ibll  ity, 

..  Flatpack  Cables.  Transmission  LIKES,  . 

•  ,  *  ii?  ,  "'1  '  Model.lln*  '  *4 _ 

18.  ABSTRACT  /Continue  on  reverse  if  necessary  and  identify  by  block  number t 

S'The  electromagnetic  crosstalk  present  in  a  class  of  cables  known  as  flatpack,  coaxial 
cables  is  investigated.  The  multiconductor  transmission  line  equations  are  used  to 
derive  a  model  of  a  general  flatpack,  coaxial  cable  consisting  of  n  cables.  This 
model  is  then  implemented  as  a  digital  computer  program  to  allow  simulation  of  the 
crosstalk  levels  present  in  the  cable.  This  simulation  is  compared  to  experimental 
results  to  prove  that  the  model  is  valid  and  can  accurately  predict  the  crosstalk 
levels.  Also  the  effect  of  common  impedance  coupling,  the  presence  of  drain  wires 
to  allow  for  connection  to  the  shields  of  the  cable,  and  the  presence  of  pigtail 
sections  (exposed  sections  of  wire)  is  examined  to  determine  their  effect  on  the 
derail  electromagnet if  crosstalk  present  in  the  cable.  , 

V  / 

20  DISTRIBUTION/AVAILABILITY  OF  ABSTRACT  t  21  ABSTRACT  SECUR  IT  Y  CLASSlF  ICATION 

......  . .  .....  - _ n  UNGLASS  I  F!  KD 


20  DlSTRI  BUTION/AVAILA0ILIT  Y  OF  ABSTRACT  t  21  ABSTRA 

UN  CL  ASS  IF  iEO'UNliMiTED  Z  SAME  AS  RPT  ZoTlC  USERS  □  uMLa. 

22«  NAME  OF  RESPONSIBLE  INDIVIDUAL  22b  TELEPl 

i Include 

ROY  F.  STRATTON  (515) 

DO  FORM  1473,  83  APR  EDITION  OF  1  JAN  73  iS  OBSOLETE 


22b  TELEPHONE  NUMBER 
ilnclude  \reaCodei 

015)  3  >0-2  563 


22c  OFFICE  SYMBOL 

RADC  (RBCT) 

UNCLASSIFIED _ 

SECURITY  CLASSlF  ICATION  OF  THIS  PAGE 


A  .*•  . 


TABLE  OF  CONTENTS 


Page 
..  1 


Chapter  1  -  Introduction 
Chapter  2  -  The  Multiconductor  Transmission  Line  Model  ..  6 
Chapter  3  -  Experimental  Results  vs.  Computed  Results  ..  66 


*  Chapter  4  -  Computer  Program  Description  .  97 

*  Chapter  5  -  Users  Manual  for  FLATCOAX  .  98 

Chapter  6  -  Summary  and  Conclusions  .  99 

*  Appendix  A  -  FLATCOAX  Program  Listing  .  101 

*Appendix  B  -  Conversion  of  FLATCOAX  to  Single  Precision  102 

References  .  103 


OTE:  Qualified  requesters  may  obtain  copies  of  Chapters 

4,  5,  and  Appendices  A  &  B  by  contacting  Roy  Stratton 
RADC  (RBCT)  Griff iss  AFB  NY  13441-5700,  phone  315-330-2563 
or  Autovon  8-587-2563 


CHAPTER  1 


INTRODUCTION 

Many  different  line  types  and  configurations,  such  as 
twisted  pairs,  coaxial  cables,  and  shielded  twisted  pairs, 
have  been  used  in  the  past  to  reduce  the  amount  of  electro¬ 
magnetic  crosstalk  between  two  or  more  circuits  which  are 
in  close  proximity  to  each  other.  A  relatively  new  type  of 
cable  that  is  being  used  is  the  flatpack,  coaxial  cable. 
This  type  of  cable  is  used  to  reduce  crosstalk  in  cables 
which  interconnect  peripherals  in  many  high-speed  digital 
computer  systems.  The  flatpack,  coaxial  cable,  shown  in 
Figure  1.1,  consists  of  n  coaxial  cables  that  are  bonded 
together  to  form  a  flat,  linear  array  of  individual  coaxial 
cables. 

It  is  generally  assumed  that  coaxial  cables,  as  well 
as  the  other  types  of  cables  mentioned  above,  provide  a 
degree  of  protection  from  electromagnetic  crosstalk  that  is 
greater  than  unshielded,  straight  wire.  This  assumption  is 
not  as  obvious  or  as  valid  as  one  would  think.  The  degree 
of  protection  provided  by  any  type  of  cable  can  greatly 
depend  on  factors  that  one  might  not  consider;  for  in¬ 
stance,  load  impedances  and  their  configuration,  thickness 
of  shields,  frequency  of  operation,  presence  of  pigtail 
sections,  etc.  can  greatly  affect  the  amount  of  protection 


given . 

The  distributed  parameter,  transmission  line  equations 
have  been  used  to  accurately  predict  the  electromagnetic 
crosstalk  in  ribbon  cables[l],  twisted  pairs[2,3],  and 
braided  shield  cables[4].  It  is  the  intent  of  this  thesis 
to  derive  a  multiconductor  transmission  line  model  of  the 
flatpack,  coaxial  cable  which  has  pigtail  sections  at  each 
end  of  the  line  to  allow  for  connection  to  the  cables. 
This  model  will  then  be  implemented  in  a  digital  computer 
program  to  allow  one  to  answer  the  "degree  of  protection" 
question  for  different  situations  via  simulation,  thus 
reducing  costly  experimental  work.  Also,  the  simulation 
program  will  show  the  degradation  in  protection  for  a  given 
cable  due  to  the  presence  of  pigtail  sections. 

In  Chapter  2, the  transmission  line  equations  and  the 
concept  of  shield  transfer  impedance  are  used  to  derive  a 
multiconductor  transmission  line  model  for  both  the  shield¬ 
ed  and  pigtail  sections  of  the  flatpack,  coaxial  cable. 
From  this  model  the  chain  parameter  matrix  for  the  line 
will  be  calculated  and  the  terminal  conditions  incorporated 
to  allow  for  an  unique  solution  to  the  levels  of  crosstalk 
for  a  given  line  configuration. 

In  Chapter  3,  the  cable  configuration  that  was  used  for 
the  experimental  work  and  comparison  to  the  computer  re¬ 
sults  provided  by  the  digital  computer  program  FLATCOAX  are 
shown.  Degradation  of  the  overall  protection  due  to  the 


presence  of  drain  wires  over  the  shielded  section  will  also 
be  discussed.  Also  a  comparison  of  the  actual  experimental 
measurements  and  the  computed  results  will  be  shown  to 
display  the  accuracy  which  can  be  obtained  by  use  of  the 
computer  simulation  and  to  show  how  pigtail  sections  and 
the  presence  of  the  drain  wire  degrade  the  overall  protec¬ 
tion  of  the  flatpack,  coaxial  cable. 

Chapter  4  contains  a  description  of  the  program 
FLATCOAX  which  is  used  to  simulate  the  crosstalk  in  the 
flatpack,  coaxial  cables.  Included  is  a  description  of  all 
variables  and  constants  used  by  the  program,  a  flowchart  of 
the  program,  and  a  card-by-card  description  of  the  program 
code. 

Chapter  5  will  serve  as  a  users  manual  for  the  program 
FLATCOAX.  It  will  show  one  how  to  setup  and  input  the  line 
characteristics  and  terminal  conditions  for  a  given  cable 
configuration  and  how  to  interpret  the  output  that  is 
created  by  the  program. 

In  Chapter  6  the  conclusions  drawn  from  this  study 
will  be  presented.  It  will  be  shown  that  common  impedance 
coupling  is  the  dominant  contributor  to  the  total  crosstalk 
at  the  lower  frequencies.  Also  it  was  found  that  the 
presence  of  drain  wires  over  the  shielded  section  greatly 
affect  the  levels  of  crosstalk  present  in  the  flatpack, 
coaxial  cable.  It  was  also  found  that  the  presence  of 


5 


pigtail  section  (exposed  sections  of  wires)  can  greatly 
increase  the  crosstalk  levels  at  the  higher  frequencies. 
Finally,  and  most  importantly,  it  will  be  shown  that  the 
levels  of  crosstalk  in  the  flatpack,  coaxial  cable  can  be 
accurately  predicted  using  a  digital  computer  simulation. 


.1 


6 


CHAPTER  2 

THE  MULTICONDUCTOR  TRANSMISSION  LINE  MODEL 


Any  n+1  conductor  transmission  line,  including  the 
flatpack,  coaxial  cable,  can  be  characterized  by  a  2n-port 
network.  For  the  2n-port  network,  shown  in  Figure  2.1,  the 
2n  port  variables  are  the  n  voltages  and  n  currents  at  the 
left  end  of  the  port  and  the  n  voltages  and  n  currents  at 
the  right  end  of  the  port.  We  can  write  the  voltages  at 
the  left  end  of  the  port,  VL,  in  vector  form  as 


‘L  = 


We  can  similarly  define  vectors  that  represent  the  voltages 
at  the  right  end  of  the  port,  VRr  the  currents  at  the  left 
end  of  the  port,  IL,  and  the  currents  at  the  right  end  of 
the  port,  ID,  as 


-R  = 


8 


These  voltage  and  current  vectors  can  be  used  to  relate  the 
port  parameters  at  the  left  end  of  the  port  to  the  port 
parameters  at  the  right  end  of  the  port  as  follows: 

ki 


Ir 


1l 


(2-1) 


where  the  2n  x  2n  <p  matrix  is  known  as  the  chain  parameter 

*%** 

matrix  and  can  be  broken  into  four  distinct  parts 


4> 

~11 

»-* 

to 

_ 1 

(2-2) 

*’w 

<t> 
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Each  of  the  ,£ 

i  j 

submatrices  is  n  x  n 

and  the  above  port 

representation 

becomes 

ti 

05 

>1 

in  «l  + 

-12  iL 

( 2-3a ) 

-R  ~ 

*21  + 

~22  iL 

(  2  —  3  b ) 

The  above 

concepts 

can  be 

used  to 

characterize  an  n+1 

conductor  transmission  line  in  the  following  manner [12] . 
Consider  the  general,  n+1  conductor,  uniform  transmission 
line  shown  in  Figure  2.2(a).  For  sinusoidal,  steady  state 
excitation  of  the  line,  and  the  Transverse  ElectroMagnetic 
mode  (TEM)  of  propagation,  it  is  possible  to  uniquely 
define  voltages  of  each  conductor,  V^(x)f  with  respect  to 
the  reference  conductor  (the  Oth  conductor)  and  conductor 

currents,  I^(x),  as  shown  in  Figure  2.2(b)  [12].  These 

voltages  and  currents  can  be  related  in  the  limit  as  Ax  >0, 
via  the  multiconductor  transmission  line(MTL)  equations: 
dV(x) 


dx 


=  "I  I(x) 


(2-4a) 


<> 


Vw(x) 


vot;(x) 


"  (^C  +  j^Lg) 


I*  (x) 

ISP (X) 


( 2-1 o) 


IW(X) 


I^U) 


-^£s 


vw(x) 
ysP  (x) 


(2-19) 


where  jZc>  Lg,  and  Cg  are  the  per-unit-length  conductor 
impedance  matrix,  inductance  matrix,  and  capacitance  matrix 
of  the  shielded  section,  respectively. 

We  will  first  derive  the  per-unit-length  conductor 
impedance  matrix,  ZCf  0f  the  shielded  section.  This  can  be 
accomplished  by  writing  loop  equations  for  a  ax  section  of 
the  line  shown  in  Figure  2.6.  First  we  will  write  the 
equation  that  relates  the  voltage  of  the  ifch  wire  at  the 
left  end  of  the  ax  section  to  the  voltage  of  the  ifch  wire 
at  the  right  end  of  the  Ax  sec tion ( i=l , 2 , ... , n-1) .  This 
equation  can  be  written  as 


(R)  -  vj  (L) 


=  -Z 

con  ii 


_ 


7  rW 
"nn  T  J 


I*  +  ZT  i?P  (2-20) 


where  Zcon  is  the  impedance  of  the  center  conductors  of  the 
individual  coaxial  cables.  Since  all  the  shields  are  iden¬ 
tical  we  can  refer  to  each  of.  the  shield  transfer  imped¬ 
ances  as  just  ZT  and  each  of  the  shield  impedances  as  Zgjj 
without  any  need  for  distinction. 

Next  we  will  write  the  equation  that  relates  the 
voltage  of  the  shield  at  the  left  end  of  the  Ax  section 
to  the  voltage  of  the  ifch  shield  at  the  right  end  of  the  Ax 


the  ith  shield.  The  shield  currents,  lfpr  are  assumed  to 
flow  on  the  outside  of  the  ifch  shield  and  return  on  the 
reference  shield  (chosen  arbitrarily). 

It  be  will  convenient  to  define  voltage  and  current 
vectors  in  the  following  manner  to  be  used  through  out  the 
derivations.  We  will  define  the  total  voltage  vector,  Vf 


where 


( 2-16a) 


yw  = 


( 2 — 1 6b )  and  VSP  = 


(2-16c) 


and  the  total  current  vector,  If  aS; 


where 


(2-17a) 


Iw  = 


( 2 — 1 7  b )  and  ISP  = 


(2-17c) 


The  transmission  line  equations  can  be  written  as  follows 


ffip 


impedance,  z«r'  should  be  equal  to  the  shield  impedance, 
zSH,  up  to  the  frequency  at  which  the  shield  thickness  is 
on  the  order  of  a  skin  depth. 

The  surface  transfer  impedance  can  be  measured  experi¬ 
mentally  in  a  quadraxial  test  fixture  [8,9,10]  or  calcu¬ 
lated  directly  from  the  shield  dimensions  and  characteris¬ 
tics  [11].  Vance[ll]  states  that  the  shield  transfer 
impedance  for  solid  shields  can  be  calculated  as 

Yd 

-  ohms/meter  (2—1 5 ) 

sinh (Yd) 

i 

where  RDC  iS  the  per-unit-length  D.C.  resistance  of  the 
shield,  d  is  the  diameter  of  the  shield,  Y  *  (1  +  j ) / 6 
where  <5  =  l/-y/ mfya  '  is  •.;>e  skin  depth  of  the  shield,  f  is 
the  frequency  of  operation,  u  is  the  permeability  of  free 
space,  and  a  is  the  conductivity  of  the  shield  material. 
The  formula  in  (2-15)  assumes  that  the  current  is  uniformly 
distributed  around  the  periphery  of  the  shield. 

2.2  -  MULTICCNDUCTOR  TRANSMISSION  LINE  MODEL 
FOR  THE  SHIELDED  SECTION  OF  THE  LINE 

In  this  section,  we  wish  to  derive  the  multiconductor 
transmission  line  model  for  the  shielded  section  of  the 
flatpack,  coaxial  cable.  The  voltage  and  current  defini¬ 
tions  that  are  used  in  the  derivation  of  the  model  arc- 
shown  in  Figure  2.5.  The  wire  currents,  I'J,  are  assumed  to 
flow  down  the  center  conductor  and  return  on  the  inside  of 


16 


To  illustrate  the  concept  consider  Figure  2.4  showing 
a  coaxial  cable.  We  assume  that  there  are  two  distinct 
current  paths  in  the  circuit.  First  there  is  a  current 
that  flows  on  the  outside  of  the  shield  and  returns  via  a 
circuit  external  to  the  shield,  this  current  is  denoted 

•^out*  The  other  current  path  consists  of  current  flowing 
down  the  center  conductor  and  returning  on  the  inside  of 

the  shield  and  is  denoted  I^n.  if  a  current  Iout  is  flow¬ 
ing  in  the  external  circuit  it  will  produce  a  per-unit- 

length  voltage,  V^n#  along  the  inside  of  the  shield  via 
diffusion  through  the  shield.  This  voltage  will  cause  a 

current,  I^n,  to  flow  in  the  internal  circuit.  The  con¬ 
verse  is  also  true  for  a  current  flowing  in  the  internal 
circuit.  The  surface  transfer  impedance,  zT,  jS  then  de¬ 
fined  as 


ZT  “ 


Vin 


ohms/meter 


( 2-13a) 


out 


or  equivalently 


ZT  = 


out 


in 


chms/meter 


( 2-1 3b) 


From  this  we  can  write  an  expression  for  the  voltages  on 
the  inside  and  outside  of  the  shield  as 

V 


in 


V 


out 


ZSH 

ZT 


ZT 

ZSH 


*in 

*out 


(2-14) 


where  zgH  denotes  the  impedance  of  the  shield  itself.  It 


is  worthwhile  to  note  here  that  the  surface  transfer 


conditions  of  the  line  into  the  equations. 

This  chapter  will  present  all  the  background  informa¬ 
tion  and  derivations  needed  to  calculate  the  total  chain 
parameter  matrix  for  the  flatpack,  coaxial  cable  (with 
pigtail  sections),  incorporate  the  terminal  conditions  and 
to  solve  the  equations  uniquely  for  the  voltages  and  cur¬ 
rents  at  each  end  of  the  line.  Prom  these  voltages  and 
currents  it  will  be  possible  to  calculate  the  amount  of 
electromagnetic  crosstalk  that  will  be  present  for  a  given 
line  configuration. 

2.1  -  SHIELD  TRANSFER  IMPEDANCE 

It  is  a  well-known  fact  that  if  the  shield  of  a  coax¬ 
ial  cable  were  a  perfect  conductor  there  would  be  no  cou¬ 
pling  of  electromagnetic  fields  present  outside  the  shield 
to  the  inner  conductor.  If  this  were  the  case  for  the 
flatpack,  coaxial  cable  then  there  would  be  no  contribution 
to  the  total  amount  of  crosstalk  by  the  shielded  seccion  of 
the  cable.  The  shields  are  not  perfect  conductors  and 
therefore  it  is  necessary  to  be  able  to  describe  the  cou¬ 
pling  of  these  electromag ne tic  fields  over  the  shielded 
•'•■option.  A  fundamental  concept  which  is  used  to  explain 
this  electromagnetic  coupling  to  shielded  wires  is  the 
surface  transfer  impedance.  The  concept  was  introduced  by 
■  helkunoff  in  1934  [5,6,7]  and  has  been  widely  accepted. 


Substituting  equation  (2-7)  into  equation  (2-8)  yields  the 


result 


(2-9) 


Substituting  equation  (2-6)  into  equation  (2-9)  gives  the 


equation 


(2-10) 


which  relates  the  voltages  and  currents  at  the  right  end  of 
the  line  to  the  voltages  and  currents  at  the  left  end  of 
the  line.  We  can  then  say  that  the  total  chain  parameter 
matrix  of  the  liner  is  equal  to  the  matrix  product  of 
all  the  chain  parameter  matrices  of  the  individual  sections 
taken  in  the  proper  order,  i.e., 

=  ~PR  jls  ~PL  (2-11) 

for  the  case  of  our  flatpack,  coaxial  cable. 

Once  the  total  chain  parameter  matrix, £T,  is  calcu¬ 
lated  we  have  an  equation 


(2-12) 


which  only  relates  the  voltages  and  currents  at  each  end  of 
the  line.  To  solve  explicitly  for  the  terminal  voltages 
and  currents  of  the  line  we  must  incorporate  the  terminal 


XSR1 

XSR2 

• 

• 

• 

■r 

IR  - 

'iRl 

JR2 

• 

• 

• 

1SR(2n-l) 

IR(2n-l) 

The  jfcpL  matrix  is  the  chain  parameter  matrix  of  the 
left  pigtail  section  and  relates  the  voltages,  ¥SL,  and 

currents,  IgL,  at  the  left  end  of  the  shielded  section  to 
the  voltages,  and  currents,  _IL,  at  the  left  end  of  the 
line.  The  J>g  matrix  is  the  chain  parameter  matrix  for  the 
shielded  section  of  the  line  and  relates  the  voltages,  VgRf 

and  currents,  ISR,  at  the  right  end  of  the  shielded  section 
to  the  voltages,  VgL>  and  currents,  IsL'  at  the  left  end  of 
the  shielded  section.  The  $pR  matrix  is  the  chain  para¬ 
meter  matrix  of  the  right  pigtail  section  of  the  line  and 
relates  the  voltages,  VRf  ana  currents,  1R,  at  the  right 
end  of  the  line  to  the  voltages,  VgRf  and  currents,  ISR,  at 
the  right  end  of  the  shielded  section.  We  can  relate  the 
voltages  and  currents  at  each  end  of  the  three  distinct 
sections  as: 


be  discussed  later.  As  shown#  the  line  can  be  broken  into 
three  distinct  sections  each  having  a  uniform  cross- 
section.  It  is  possible  to  derive  a  chain  parameter  matrix 
for  each  of  these  sections  individually  and  then,  from 
these  individual  chain  parameter  matrices,  obtain  an  over¬ 
all  chain  parameter  matrix  for  the  whole  line.  To  derive 
the  overall  chain  parameter  matrix  we  first  show  the  volt¬ 
age  and  current  definitions  at  the  end  of  each  distinct 
section  of  the  line  with  its  corresponding  chain  parameter 
matrix  as  shown  in  Figure  2.3(b).  The  voltage  and  current 
vectors  are  defined  as  follows: 


-L  - 


VSL  = 


VSL1 

VSL2 


VSR1 

VSR2 


VSR  * 


L  ( 2n-l) 


vSL(2n-l) 


VSR ( 2n-l) 


-R  - 


iSL  = 


ISL1 

ISL2 


R(2n-1) 


IL(2n-l) 


ISL ( 2n-l ) 


where 


Vl(xf 

rii<») 

v2  (X) 

I2(x> 

Y(x)  = 

• 

• 

• 

I(X)  = 

• 

• 

• 

Vn(x)_ 

n  x  n  matrices 

Z  and  Y  are  the 

/V 

per-un 

impedance  and  admittance  matrices,  respectively. 

The  above  MTL  equations  are  a  set  of  coupled,  first 
order,  ordinary  differential  equations  which  are  quite 
similar  to  state-variable  equations  encountered  in  electric 
circuits  and  automatic  controls[12] .  Their  solution  is 
straightforward  and  of  the  form: 


v(!) 

y(0) 

= 

♦  OL) 

i  OJ 

l(0) 

where  the  line  extends  from  x  =  0  to  x=X..  A  comparison  of 
(2-1)  to  (2-5)  shows  that  the  n+1  conductor  transmission 
line  is  readily  characterized  as  a  2n  port  via  the  chain 
parameter  matrix  representation  discussed  previously. 

We  will  now  adapt  the  above  concepts  to  the  character¬ 
ization  of  flatpack,  coaxial  cables  with  exposed  pigtail 
sections  at  each  end  as  shown  in  Figure  2.3(a).  The  pig¬ 
tails  allow  for  connection  to  the  individual  wires  and 
shields  of  each  of  the  individual  coaxial  cables  and  will 


section  (i=l,2,...,n) .  The  equation  is 


VfP(R)  -  VfP(L) 


-  -WF  +  ZT?i  -  ZSH  2  5?P  -  ZT^n  <2‘21> 

i  =  1 


Finally  we  must  take  in  account  the  nth  wire,  so  we 
write  the  equation  that  relates  the  voltage  of  the  nth  wire 
at  the  left  end  of  the  Ax  section  to  the  voltage  of  the  nfc^ 
wire  at  the  right  end  of  the  Ax  section,  which  is 


V *(R)  -  V*(L) 


=  -Z 


I*  -  Zt  2  I?P  (2-22) 


con  xn  SH  ■‘•n  T.  ,Ai 

1=1 


Combining  equations  (2-20),  (2-21),  and  (2-22)  into  a  mat¬ 
rix  form  and  taking  the  limit  as  Ax  +  0  we  can  then  write 
the  per-unit-length  impedance  matrix  for  the  shielded  sec¬ 
tion  of  the  cable,  Zr,  as 

Pll  [zcon+zSH  (  'l!"zT  (  “ilf  Ill 


N?con+zSH 


-  Hd= 


zcon+zSH 


Z»p  Zip 


“ZT 
•  Zip 


*  Z  ip  Z  fp  | 


2ZSH  iffl 


(2-23)  - 


where  is  the  derivative  of  with  respect  to  x. 


Next  we  will  derive  the  per-unit-length  inductance 

matrix  of  the  shielded  section,  £g*  can 

inductance  matrix  into  four  distinct  parts 


is  = 


Lww  |  Lspw 


Lwsp  |  Lspsp 


(2-24) 


which  implies 


f  _  Tww  jw  +  LSPW  isp 
-w  Jb  -  ■ —  - 

f  _  Twsp  JW  +  Lspsp  rsp 
-s  id  ~  ~ 


( 2-25a) 
( 2-25b) 


Y  = 
-w 


where  V  £  is  the  flux  penetrating  the  it‘1  wire  circuit  and 


T-s  ■ 


tn 

where  ^ |  is  the  flux  penetrating  the  ifc^  shield  circuit. 

Each  entry  in  the  Lg  matrix,  lij'  can  be  calculated 
directly  by  using  the  formula 


1 i j  =  — —  henrys/meter 


(2-26) 


which  states  that^the  inductance  between  the  i^h  and 


circuit  can  be  calculated  as  the  flux  that  penetrates  the 
ifch  circuit,  V  <3 ue  to  a  current  flowing  in  the  j  cir¬ 
cuit,  1  j  • 

First  we  will  calculate  the  entries  of  the  Lww  sub- 
matrix  of  ijg  which  relates  the  currents  flowing  in  the  n 
wire  circuits  to  the  flux  penetrating  each  of  the  n  wire 
circuits.  This  can  be  accomplished  by  evaluating  equation 
(2-25a)  with  all  the  shield  currents  being  set  to  zero, 
i.e.,  _ISP  =  Jl.  For  this  submatrix  of  the  Lg  matrix  each 
entry  l^j  refers  to  the  flux  penetrating  the  ifc^  wire 
circuit,  due  to  a  current,  Ijr  flowing  in  the  jth  wire 
circuit  with  all  other  currents  set  to  zero. 

We  will  first  calculate  the  diagonal  terms  of  this 
submatrix  or  1^  for  i  =  l,2,...,n.  In  other  words  we  need 
to  calculate  the  flux  penetrating  the  ifch  wire  circuit,  ^  ? 
due  to  a  current  flowing  in  that  ifch  wire  circuit,  I ^ 
With  all  other  currents  set  to  zero  we  are  simply  trying  to 
calculate  the  inductance  of  a  single  coaxial  cable.  Refer¬ 
ring  to  Figure  2.7  we  can  calculate  this  inductance  as 

(2-27) 

RWC  , 

where  R^^  is  the  radius  of  the  shield  and  Rwc  is  the 
radius  of  the  center  conductor. 

Next  we  consider  the  off-diagonal  terms  of  the  Lww 
submatrix,  i.e.,  in  for  i  t  j.  Consider  Figure  2.8  where 


we  consider  the  flux  generated  by  the  jth  wire  circuit. 
The  current,  Iy  flowing  down  the  center  conductor  gener¬ 
ates  a  flux,  V  +,  in  the  direction  indicated.  This  current 
returns  via  the  interior  of  the  shield  and  generates  a 
flux,  V~,  as  shown  in  Figure  2.8.  The  two  fluxes  gener¬ 
ated,  'l' ^  and  y  ~ »  are  of  equal  magnitude  but  opposite  in 
direction  therefore  they  cancel  each  other  in  the  region 
exterior  to  the  shield.  This  cancellation  implies  that 
there  will  be  no  net  flux  present  outside  the  wire  cir¬ 


cuit  and  linking  the  ifc^ 


i  .lu^O 


wire  circuit  therefore  [lij)i/j 


for  the  Lww  submatrix.  From  this  we  can  state  that 


Lww  = 


v*22  0 


(2-28) 


where  1^  is  fche  quantity  stated  in  (2-27)  . 

Next  we  will  calculate  the  ,LWSP  submatrix  of  Lg  which 
relates  the  currents  flowing  in  the  n  wire  circuits  to  the 
flux  penetrating  each  of  the  n-1  shield  circuits.  This  can 
be  accomplished  by  solving  equation  (2-25b)  with  all  the 
shield  currents  set  to  zero,  i.e.,  IsP~0.  Each  term,  lij, 
in  the  LiwsP  submatrix  relates  the  flux,  ^  j/  penetrating  the 
ith  shield  circuit  due  to  a  current,  flowing  in  the 

wire  circuit.  This  configuration  is  shown  in  Figure  2.9. 
As  before  we  have  two  fluxes,  and  y  “ ,  that  are  present 
outside  the  wire  circuit  due  to  current  flowing  down 


the  center  conductor  and  returning  on  the  interior  of  the 


3 


a 


n 


shield.  Again  these  two  fluxes  are  equal  in  magnitude  but 
opposite  in  direction  therefore  the  net  flux  present  out¬ 
side  the  wire  circuit  is  equal  to  zero.  Since  there  is 
no  flux  present  outside  the  j  th  wire  circuit  that  can  pene¬ 
trate  and  link  the  ifch  shield  circuit,  all  the  entries  in 
the  LWSP  submatrix  will  be  zero.  In  matrix  form  we  can 
state 

LWSP  =  0  (2-29) 

Next  we  consider  the <LSPW  submatrix  of  Lg  which  re¬ 
lates  the  currents  flowing  in  the  n-1  shield  circuits  due 
to  the  flux  penetrating  each  of  the  n  wire  circuits  due  to 
this  current.  This  could  be  calculated  by  solving  equation 

(2-25 a)  with  all  the  wire  currents  set  to  zero,  i.e.,  IW=Q* 
Instead  of  calculating  these  entries  in  the  submatrix  it 
can  be  argued  that  since  the  medium  surrounding  the  line  is 
reciprocal,  the  LS(  £g,  and  matrices  for  the  line  must 
be  symmetric.  For  the  ^Ls  matrix  to  be  symmetric  ^P"  must 
equal  (LwsP)fc  (t  represents  the  matrix  transpose),  so  for 
our  situation 

Lspw  =  Qt  =  o  (2-30) 

Finally  we  must  calculate  the  LSPSP  submatrix  of  Lc 
which  relates  the  currents  flowing  in  the  n-1  shield  cir¬ 
cuits  to  the  flux  penetrating  the  n-1  shield  circuits. 
Each  entry,  1^,  in  the  Lspsp  submatrix  relates  the  flux, 
¥  ^  ,  penetrating  the  ifch  shield  circuit  due  to  a  current, 


ly  flowing  in  the  shield  circuit.  It  is  possible  to 
calculate  these  entries  by  solving  equation  ( 2  —  2 5 b )  with 

all  the  wire  currents  set  to  zero,  i.e.,  _IW  =  0/  To  calcu¬ 
late  these  entries  consider  Figure  2.10  showing  the  dimen¬ 
sioned  cross  section  of  the  flatpack,  coaxial  cable  where 
WS  is  the  center-to-center  wire  separation  of  adjacent 

coaxes,  Rshd  is  interior  radius  of  the  shields,  and  ts 
is  the  thickness  of  each  of  the  shields. 

Since  all  the  iurrents  are  flowing  down  and  returning 
on  the  exterior  of  the  shields  we  can  consider  the  flat- 
pack,  coaxial  cable  as  n  "fat  wires"  for  the  computation  of 
Lspsp.  These  n  "fat  wires"  will  each  have  a  radius  of 

Rshd  +  fcs  and  the  nth  conductor  will  be  grounded.  The 
entries,  1.  .  the  lsj3SP  submatrix  can  be  calculated  by 
calculating  the  inductance  matrix  of  these  n  "fat  wires" 


- 


i 

^io  dj0 
rwo  ^ij  , 


for  i  t  j 


(2-30b) 


where  d.  represents  the  distance  between  the  i*^  conductor 


and  the  reference  conductor,  dj0  rePresents  fche  distance 
between  the  j  ^  conductor  and  the  reference  conductor,  d^ 
is  the  distance  between  the  ifch  and  jth  conductors,  rwi  *s 


the  radius  of  the  ith  wire,  and  r  _ 

w  o 


is  the  radius  of  the 


reference  conductor.  The  distance  d^o  can  be  calculated  as 
dio  =  (n_i)  x  WS.  The  distance  dj0  can  similarly  be  calcu¬ 
lated  as  dj0  =  (n  -  j)  x  WS.  The  distance  d^j  can  be 
calculated  as  d^  =  | i  —  j |  x  WS.  And  as  stated  previously 
the  radius  of  each  of  the  "fat  wires"  and  the  reference 
conductor  is  Rs^d  +  ts.  Combining  these  we  obtain 


hi  = 


which  reduces  to 


[_  Rshd  +  ts  J 
and  for  the  off-diagonal  terms  we  obtain 


{ (n  -  i)  x  WS) 
^  Rshd  +  ts) ^ 


(n  -  i)  x  WS 


( 2-31a) 


[  (n  -  i)  x  WS]  [  (n  -  j)  x  ws] 
t li  -  31  x  WS]  (Rshd  +  tB) 


which  reduces  to 


uQ  [~(n  -  i)  (n  -  j)  x  WS 

=  -2.  In  - 

’  2"  L11  ‘  31  (Rshd  +  tB)J 


for  i  ^  j  (2-31b) 


Next  we  turn  our  attention  to  deriving  the  per-unit- 
length  capacitance  matrix  of  the  shielded  section,  ^g.  As 

with  the  Lg  matrix,  we  can  divide  the  Cg  matrix  into  four 
distinct  parts 


cww  |  cspw 


(2-32) 


cwsp  I  csPsP 


which  implies 

qw  =  cww  vw  +  CSPW  _VSP 

and 

q  =  cwsp  vw  +  CSPSP  VSP 

—  o  ^0  *** 


qw  _ 

where  q  i  is  the  charge  present  on  the  ifch  wire  circuit  and 

3S  = 

where  is  the  charge  present  on  the  i^h  shield  circuit. 

First  we  will  calculate  the  Cww  submatrix  of  Cq  which 

/X" 

relates  the  voltages  of  the  n  wires  to  the  charges  present 
on  the  n  wires  when  all  the  shield  voltages  are  set  to 

zero,  i.e.,  VSP  =  0.  we  will  first  calculate  the  diagonal 
terms,  for  i  =1  r 2 , , n ,  for  this  submatrix.  In  other 

words  we  need  to  calculate  the  charge  present  on  the  ifch 
wire  circuit  due  to  a  voltage  on  the  ifch  wire  circuit. 
With  all  other  voltages  set  to  zero  we  are  simply  trying  to 
calculate  the  capacitance  of  a  single  coaxial  cable. 


(2-33a) 

( 2-33b) 


Referring  to  Figure  2.7  we  can  calculate  this  capacitance 
as 

2  TTC 

Rshd  (2-34) 

Rwc  ; 

where  Rg^  is  the  radius  of  the  shield  ,  Rwc  is  the 
radius  of  the  center  conductor,  and  e  is  the  permittivity 
of  the  insulation  interior  to  each  shield. 

Next  we  consider  the  off-diagonal  terms  of  the  £ww 
submatrix,  i.e.,  c^^  for  i  /  j.  We  can  represent  all  the 
capacitances  present  in  the  shielded  section  of  the  flat- 
pack,  coaxial  cable  by  the  equivalent  circuit  shown  in 
Figure  2.11.  The  capacitances  present  inside  the  coaxial 
cables  are  the  c..  terms  of  the  Cww  submatrix  that  we 
previously  calculated.  The  Cij  terms  we  are  now  trying  to 
calculate  are  the  charges  present  on  the  ifc^  wire  circuit 
due  to  a  voltage  of  the  wire  circuit  which  would  be 

represented  by  a  capacitance  from  the  ifch  center  conductor 
to  the  center  conductor.  Due  to  the  electostat-ic 

shielding  by  the  coaxial  shields  there  will  be  no  capaci¬ 
tance  between  these  conductors  as  shown  in  Figure  2.11 
therefore  we  can  state  that 

[cijli*j  =  0  (2-35) 

Combining  (2-34)  and  (2-35)  into  matrix  form  we  can  state 

that  the  Cww  be  represented  as  shown  in  equation  (2-36) . 


r  e- 


L.' - '  ‘“‘J 

Next  we  consider  the  CWSP  submatrix  of  Co  which 
lates  the  charges  present  on  the  n-1  shield  circuits  due  to 
the  voltages  of  the  n  wire  circuits.  This  can  be  accom¬ 
plished  by  solving  (2-33b)  with  all  the  shield  voltages  set 
to  zero,  i.e.,  =  .&•  But,  as  before  due  to  electro¬ 

static  shielding  the  voltages  inside  the  coaxial  cables 
will  produce  no  charges  outside  these  cables  therefore  we 
can  state  that 

CWSP  =  [0]  (2-37) 

/•*—»  ^ 

Next  we  must  calculate  the  £SPW  submatrix  of  Cs  which 
relates  the  charges  present  on  the  n  wire  circuits  to  the 
voltages  of  the  n-1  shield  circuits.  This  submatrix  could 
be  calculated  by  solving  equation  (2-33a)  with  all  the  wire 
voltages  set  to  zero,  i.e.,  Vw  =  0/  As  before  with  the 
case  of  the  inductance  matrix  we  can  argue  that  the  £ 
matrix  must  be  symmetric  since  the  surrounding  medium  is 
reciprocal.  For  the  _Cg  matrix  to  be  symmetric  Cs^w  must 
equal  (C_wsP)t  therefore  we  can  state  that 

cspw  =  Qt  =  o  12-38) 

Finally  we  must  calculate  the £SPSP  submatrix  of  Cs 
which  relates  the  charges  present  on  the  n-1  shield  cir¬ 
cuits  to  the  voltages  of  the  n-1  shield  circuits.  To 


calculate  this  submatrix  we  can  again  model  the  flatpack, 
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is  shown  in  Figure  2.17.  There  are  two  contributions  to 
the  net  inductance  for  this  situation.  The  first,  1^,  is 
die  to  the  current  flowing  down  the  i^  shield  pigta...  and 
can  be  calculated  as 


X1  =  - 


uo  /  d3 

—  in  - 

2  it  \  Rpd 


(2-54) 


The  second  contribution,  12,  is  due  to  the  current  return¬ 
ing  on  the  nfch  shield  pigtail  and  can  be  calculated  as 


1  V  X 

lo  =  -  —  In  - 


(2-55) 


The  three  distances  needed  to  solve  equations  (2-54)  and 
(2-55)  can  be  calculated  as 


=  -y  [  (n  -  i)  x  WS  +  s]  +  <-> 
d2  =  (n  -  i)  x  WS 
d-,  =  -\/  a2  +  s‘21 


d3  =  V  d2  +  s2 

Substituting  these  distances  into  equations  (2-54)  and 
(2-55)  and  summing  them  to  get  the  total  inductance  yields 
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x  2  tt 
Next  we  wil 
in  region  1  of  ( 
j>i  and  its  corre 
(2.18).  Again 


inductance 


I.  .  - - -In 

^  2tr 


(j  -  i)  x  WS 


sl 

2ir 


+u-^i„ 


(n  -  j)  x  WS 

Rpd  _ 

(n  -  i)  x  WS  1 


which  reduces  to 


(n  -  j)  (n  -  i)  x  WS 
(j  -  i)  x  R_ j 


(2-51) 


The  equation  in  (2-51)  was  derived  for  the  case  j  >  i  but 
since  the  per-unit-length  parameter  matrices  must  be  sym¬ 
metric, this  equation  can  be  extended  to  the  general  case  by 
modifying  the  equation  to  become 

(n  -  j)  (n  -  i)  x  WS 


Next  we  will  calculate  the  L,WSP  submatrix  of  Lp  which 
relates  the  flux  penetrating  and  linking  the  n  wire 
circuits  to  the  currents  flowing  in  the  n-1  shield 
circuits.  The  LWSP  is  rectangular  and  looks  as  follows 


region  1 


Lwsp  = 


region  2 


(2-53) 


We  will  start  by  calculating  the  elements  that  are  on  the 


principal  diagonal  of  this  submatrix,  whose  representation 
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Figure  2.16 
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Now  we  will  calculate  the  off-diagonal  terms  of  the 
£spsP  submatrix  of  Lp*  This  situation  is  shown  in  Figure 
2.16  for  j  >  i.  The  total  inductance  can  be  thought  of  as 

having  three  contributions,  the  first,  1]/  is  due  to 
flux  penetrating  the  ifch  shield  circuit  to  the  left  of  the 
jfch  shield  pigtail  due  to  the  current  flowing  down  the  jc 
shield  pigtail.  The  second,  12,  is  due  to  the  flux  pene¬ 
trating  the  ith  shield  circuit  to  the  right  of  the  the  jth 
shield  pigtail  due  to  the  current  flowing  down  the  j 
shield  pigtail.  The  third,  1 3^  is  due  to  the  flux  pene¬ 
trating  the  ifch  shield  circuit  due  to  the  current  returning 
on  the  reference  conductor  (the  n^  shield  pigtail).  We 
can  calculate  each  of  these  contributions  as  follows 

(j  -  i)  x  WS 


ll 


■In 


=  - In 

i  2 71 


pd 

(n  -  3)  x  WS 
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In 


pd 

(n  -  i)  x  WS 
Rpd 


Summing  these  three  contributions  gives  us  the  total 


i  x  WS 


i)  x  WS)  -  s] 2  +  d2 


i)  x  WS)  +  s] 2  +  d 


[(3-1)  xWS+sj 


[  (j-i)xWS]  *  J 

The  equation  given  in  (2-48)  was  derived  for  the  case 
j  >  i,  but  since  the  per-unit-length  parameter  matrices 
must  be  symmetric  as  stated  earlier  we  can  modify  (2-48)  to 
handle  all  1^  entries  for  i  /  j.  This  equation  will  then 


become 


i.  .  =  — —In 

^  2TT 


\  |  j-i  IxWS-s]  2  +  d2“*  Vtl  j-ilxWS+s]2 

[ | j-ilxWS] 2 


TP1! 


-(2-49) 


We  have  now  derived  equations  (2-45)  and  (2-49)  which 
specify  all  entries  in  the  L"*  submatrix  of^Lp* 

Next  we  calculate  the  LSPSP  submatrix  of  .Lp  which 
relates  the  flux  penetrating  and  linking  the  n-1  shield 
circuits  to  the  currents  flowing  in  those  n-1  shield  cir¬ 
cuits.  We  will  first  consider  the  main  diagonal  terms  of 
this  submatrix  which  are  the  self  inductances  of  each  of 
the  n-1  shield  circuits.  This  situation  is  shown  in  Figure 
2.15,  where  diQ  can  be  calculated  as  dio  =  (n-i)  x  WS. 
Substituting  dio  and  the  wire  radius  in  equation  (2-30a) 


Now  we  will  calculate  the  off-diagonal  terms  of  the 
Lww  submatrix  of  Ln*  This  case  is  shown  for  the  ith  and 
jt^1  wire  circuits  in  Figure  2.14  for  j  >  i.  To  calculate 
these  inductances  we  will  need  to  consider  the  flux  pene¬ 
trating  the  ifck  wire  circuit  due  to  the  current  flowing 
down  the  center  conductor  plus  the  flux  penetrating  the 

ifch  wire  circuit  due  to  that  same  current  returning  on  the 
shield  pigtail.  The  contribution  to  the  total  induct¬ 
ance  by  the  current  flowing  down  the  center  conductor 
can  be  calculated  as 


!l  =  - 


henrys/meter 


(2-46) 


The  contribution  made  by  the  current  returning  on  the  jfch 


shield  can  be  calculated  as 


12 


henrys/meter 


(2-47) 


Using  the  dimensions  given  in  Figure  2.12(b)  it  is  possible 
to  calculate  the  needed  distances  as 

dl  =  (j  -  i)  x  WS 

d2  =  -  i)  x  WS)  -  s)]2  +  d2' 

V - - 

[  ( ( j  -  i)  x  WS)  +  s) ] 2  +  d 
d4  =  (j  —  i)  x  WS 

The  total  inductance  1^  is  equal  to  the  sum  of  the  indi¬ 
vidual  contributions  1}  and  12*  Substituting  these  dis¬ 
tances  into  equation  (2-46)  and  (2-47)  and  taking  their  sum 


the  center  conductors  and  the  conductors  connected  to  the 
shields)  are  perfect  conductors.  This  assumption  will  make 

ZCP  =  £  f°r  t*ie  pigtail  sections  leaving  only  the  _Lp  and  ^Cp 
matrices  to  be  calculated. 

First  we  will  derive  the  pe r -un i t- length  inductance 
matrix,  Lp'  f°r  the  representation  shown  in  Figure  2.12(b). 
As  in  the  previous  section  we  will  divide  the  inductance 
matrix  into  four  distinct  parts 


Lww  j  Lspw 


Lwsp  |  Lspsp 


(2-44) 


which  implies  the  same  equations  stated  in  (2-25a)  and  (2- 


25b).  Each  entry  in  the  Lp  matrix,  1  i  j ,  can  be  calculated 
directly  using  the  equations  presented  in  (2-30a)  and  (2- 
30b)  . 


First  we  will  calculate  the  Lww  submatrix  of  Lp  which 
relates  the  flux  penetrating  and  linking  the  n  wire  cir¬ 
cuits  to  the  currents  flowing  in  these  n  wire  circuits.  We 
will  first  consider  the  diagonal  terms  cf  this  submatrix 
which  are  the  self  inductances  of  each  of  the  n  wire  cir¬ 
cuits.  The  case  we  need  to  consider  for  the  i  hh  circuit 
is  shown  in  Figure  2.13.  From  this  figure  we  can  see  that 

j  .  =  a/s2  +  d2  .  Substitute nu  this  and  the  wire  radius 

uic  v 

into  equation  (2-30a)  yields  1  .  tor  the  Lww  submatrix  as 
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Figure  2.12  -  Voltage  and  Current  Definitions  for 
the  Pigtail  Sections. 
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brought  out  to  some  type  of  connector  to  facilitate  the  con¬ 
nection  of  the  cable  to  some  device.  This  creates  a  sec¬ 
tion  of  exposed  wires  at  each  end  of  the  cable,  which  will 


be  referred  to  as  the  pigtail  sections  of  the  flatpack, 
coaxial  cable. 

The  voltage  and  current  definitions  that  are  used  in 
the  derivation  of  the  model  are  shown  in  Figure  2.12.  We 
must  use  the  same  voltage  and  current  vectors  that  were 
defined  in  (2-16)  and  (2-17)  in  the  derivation  to  allow  for 
the  multiplication  of  the  individual  chain  parameter 
matrices  to  form  the  total  chain  parameter  matrix  as 
previously  discussed.  As  before  we  need  to  derive  the  per- 
unit-length  line  parameter  matrices  and  then  solve  the  MTL 
equations.  The  MTL  equations  can  be  written  as  follows  for 
the  pigtail  section  of  the  flatpack,  coaxial  cable  [12] s 


Vw  (x) 
VSP  (x) 


-(Z 


CP 


jwLp) 


Iw(x) 
ISP (X) 


(2-42 


and 


Iw(x) 

vw  (x) 

isp(x) 

= 

VSP (x) 

,  Lp, 

and  £p  are  the  per- 

(2-43) 


impedance,  inductance,  and  capacitate  matrices  of  the  pig¬ 
tail  section,  respectively.  Before  we  derive  the  per-unit- 
length  parameter  matrices  for  this  section  we  will  make  the 
simplifying  assumption  that  the  pigtail  conductors  (both 


where 


where 


each  of  the  submatrices  are  given  by  [12] 

i?i  *  ^s1!  r1  is 

(2-41a) 

if 2  "  -  *»YS  II  (el1*-  I"1 

(2-41b) 

ill  -  -■>  T  (eXt-  e-A)  y-1  T-l  JTS 

(2-41c) 

Of 2  =  **  T  (elU+  e-^s)  T-l 

(2-41d) 

2s  is  defined  to  be  j^Cg,  T  is  the  n  x  n 

similarity 

transformation  matrix  which  diagonalizes  the  YgZg  Pro<^uc^ 
as  follows 


T"1  Y_  •?_  m  -  v  2 


-s  is  1=2' 

Is  is  defined  to  be  +  jwLg,  e£^san^  2  Y^iare  n  x  n 
diagonal  matrices  with  entries  [e i^i>]  ^  =  e  Y‘ ^  and 

[e“^44  =  e-Y^. 


ii  =  e 

From  this  derivation  we  are  now  able  to  calculate  the 
chain  parameter  matrix  of  the  shielded  section  of  the 
flatpack,  coaxial  cable.  We  must  now  derive  the  chain 
parameter  matrix  of  the  pigtail  sections  to  be  able  to 
calculate  the  total  chain  parameter  matrix  of  the  flatpack, 
coaxial  cable. 


2.3  -  MULTICONDUCTOR  TRANSMISSION  LINE  MODEL 
FOR  THE  PIGTAIL  SECTIONS  OF  THE  LINE 

In  this  section,  we  wish  to  derive  the  multiconductor 
transmission  line  model  for  the  pigtail  sections  of  the 
flatpack,  coaxial  cable  [13].  These  sections  come  about 
because  of  the  need  to  be  able  to  terminate  the  ends  of  the 
individual  coaxial  cables.  In  general,  wires  are  connected 


to  the  inner  conductors  and  the  edges  of  the  shields  and 


coaxial  cable  as  n  "fat  wires"  due  to  the  electrostatic 
shielding  of  the  solid  shields.  Instead  of  calculating 
each  of  these  terms  as  we  did  for  the  inductance  matrix  we 
can  note  that  the  surrounding  medium  is  homogeneous  so 
Lspsp^spsp  =  i/v2  where  v  is  the  speed  of  light  in  the 
medium  (in  our  case  f ree-space) [ 12 ] .  Since  this  must  be 
true  we  can  state  that 


1  -1 
cspsp  =  — -Lspsp 

~  v2  ~ 


(2-39) 


where  ()~1  represents  the  matrix  inverse. 


Now  that  we  have  calculated  the  entries  of  the  per- 
unit-length  parameter  matrices,  ZQl  ls,  and  Cs,  for  the 
shielded  section  of  the  line  we  must  turn  our  attention  to 
solving  the  equations  stated  in  (2-18) 

V(x)  =  -(zc  +  jcoLc)  iU) 


I(X)  =  -j^Cg  V (x) 

and  obtaining  the  chain  parameter  matrix  of  the  shielded 
section.  These  have  been  solved  in  general  in  [12]  for 
sinusoidal  steady-state  excitation  of  the  transmission  line 
under  the  TEM  mode  assumption,  and  the  results  are  repeated 
here.  The  chain  parameter  matrix  for  the  shielded  section 
can  be  calculated  as 


inductance  for  this  situation.  The  first,  1^/  is  due  to 
the  current  flowing  down  the  jfch  shield  pigtail  and  can  be 
calculated  as 


yo 

f  dl  \ 

X1  =  - 

■  - In 

(2-57) 

271 

l  d2  / 

The  second 

contribution. 

^2#  is  due  to  that  current  return- 

ing  on  the  nfch  shield  pigtail  and  can  be  calculated  as 


12  =  " 


In 


2tt 


d3 
d4  j 


(2-58) 


The  four  distances  needed  for  this  situation  can  be  calcu¬ 
lated  as 

dl  =  V[  ( <3  "  i]  x  ws)  +  s)]2  +  d2 


n 


d2  =  (j  -  i'  X  ws 


1 


d3  *  -y/[  ((n  -  i)  x  WS)  +  s)  ]  2  +  d2 
d4  =  (n  -  i)  x  WS 

Substituting  these  four  distances  into  equations  (2-57)  and 
(2-58)  and  summing  them  to  get  the  total  inductance  yields 
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±S.in 
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which  reduces  to 
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(2-59) 


Next  we  will  calculate  the  terms  of  the  LWSP  submatrix 


Figure  2.17  -  Mutual  Inductance  Between  the  ith  Wire  Circuit 
and  the  ith  Shield  Circuit  over  the  Pigtail 
Sections . 


Circuit  j,h  Shield  Circuit 


Figure  2.18  -  Mutual  Inductance  Between  the  ith  Wire  Circuit 
and  the  Shield  Circuit  over  the  Pigtail 

Sections . 
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that  lie  in  region  2  of  (2-53).  For  this  region  of  the 
submatrix  i  >  j  and  its  corresponding  representation  is 
shown  in  Figure  2.19.  Again  there  are  two  contributions  to 
the  net  inductance  that  must  be  calculated.  The  first,  1,, 
is  due  to  the  current  flowing  down  the  j*-*1  shield  pigtail 
and  can  be  calculated  as 


h  = 


(2-60) 


The  second  contribution,  12,  is  due  to  the  current  return¬ 
ing  on  the  nfch  shield  pigtail  and  can  be  calculated  as 


l2  “ 


wo  d3 

- In  - 

2  tt  d4 


(2-61) 


The  four  distances  needed  to  solve  equations  (2-60)  and 
(2-61)  can  be  calculated  as 


i  -  j)  x  WS)  -  s 
j)  x  WS 


a 3  =  ~\J  [  ( ( n  -  i )  x  WS)  +  s)  j  +  a 
d4  =  (n  -  i)  x  WS 

Substituting  these  four  distances  into  equations  (2-60)  and 
(2-61)  and  summing  them  to  get  the  total  inductance  yields 


(i  -  j)  x  WS 

~i  + 

[((i  -  j)  x  WS)  -  s) ] 2  +  d2  J _ 

n  f  Vl  ( (n  -  i)  X  WS)  +  s)  ]  2  +  d' 


+  —  In 


(n  -  i)  x  WS 


which  reduces  to 


i)  x  WS)  +  s)  ]  2  +  d 


(n  -  i)  [ ( ( i  -  j)  x  WS)  +  s ) ] 2  +  d 
Finally  we  must  calculate  the  entries  of  the  LWSP 
submatr.ix  that  lie  in  region  3  of  (2-53).  For  this  region 
of  the  submatrix  i=n  and  its  corresponding  representation 
is  shown  in  Figure  2.20.  Again  there  are  two  contributions 
to  the  net  inductance  for  this  situation.  The  first,  1^, 
is  due  to  the  current  flowing  down  the  shield  pigtail 

and  can  be 


*1  = 


jo  d2 

—  In  - 


(2-63) 


The  second  contribution,  1 2 ,  is  due  to  the  current  return¬ 
ing  on  the  nth  shield  pigtail  and  can  be  calculated  as 


*2  = 


^o  d3 
- In  - 

2 71  , 


(2-64) 


The  chree  distances  needed  for  this  situation  can  be  calcu¬ 
lated  as 

dl  =  V[((n  -  j)  x  WS)  -  s)]2  +  d2' 
d2  =  (n  -  j)  x  WS 
d3  =  Vd2  +  s2 

Substituting  these  three  distances  into  equations  (2-63) 
and  (2-64)  and  summing  them  to  get  the  total  inductance 
yields 


57 


Finally  we  need  to  calculate  the  LSPW  submatrix  of  Ln 

P» 

This  submatrix  could  be  calculated  directly  but  instead  we 
will  use  the  argument  presented  previously  stating  that  due 
to  the  surrounding  medium  being  reciprocal  the  per-unit- 
length  parameter  matrices  must  be  symmetric.  For  this  to 
be  true  the  following  condition  must  be  true 

Lspw  =  (Lwspjt  (2-66) 

We  have  now  calculated  all  the  entries  in  the  per- 
unit-length  inductance  matrix,  ^Lp,  of  the  pigtail  sections. 
Now  we  will  calculate  the  per-uni t-length  capacitance 

matrix,  Cp/  0f  the  pigtail  sections.  Instead  of  calcu¬ 
lating  the  entries  of  this  matrix  we  note  that  since  the 
medium  surrounding  the  pigtails  (free  space)  is  homogene¬ 
ous,  the  following  condition  must  hold  [12] 

Lp  CP  =  1/v2 

where  v  is  the  speed  of  light  in  the  medium.  Since  this 
must  be  true  we  can  state  that 

£p  =  l/v2  (Lp)'1  <2-67) 

Now  that  we  have  calculated  the  entries  of  the  per- 
unit-length  parameter  matrices,  ^Lp  and  Cp,  for  the  pigtail 
sections  of  the  flatpack,  coaxial  cable  we  must  solve  the 
equations  stated  in  (2-18) 


and 


V(x) 
I  (x) 
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=  -(ZC  +  j«uLp)  I(x) 

I(x)  =  -j^Cp  V (x) 

and  obtain  the  chain  parameter  matrix  of  the  pigtail 
sections.  These  equations  have  been  solved  in  general  for 
sinusoidal,  steady-state  excitation  of  the  line  under  the 
TEM  mode  assumption  in  [12].  The  results  are  repeated  here 
for  convenience.  The  chain  parameter  matrix  for  the 
pigtail  sections  can  be  calculated  as 


(2-68) 


where  each  of  the  submatrices  are  given  by 


in  - 

cos (8  Ip)  l2n-l 

(2-69a) 

*12  - 

-jv  sin (8 ip) 

(2-69b) 

i?i = 

-jv  sin  (  8i_p)  Cp 

( 2-6  9c) 

ii 

CN 
Oi  CM 

cos  (6  Ip)  l2n-l 

(2—6  9d ) 

where  8 

,  the  wa 

ve  number,  is  given 

by  8  =  2it  /  X, 

X  =  v/f, 

v=1/ -\f~ 

u0e0'and 

l_2n-l  represents  the 

(2n-l  x  2n-l) 

identity 

matrix , 

2.4  -  TOTAL  CHAIN  PARAMETER  MATRIX  OF 
THE  FLATPACK,  COAXIAL  CABLE 

In  the  previous  two  sections  we  have  derived  equations 
that  make  it  possible  to  calculate  the  chain  parameter 
matrices  of  the  shielded  section  and  each  of  the'  pigtail 
sections  that  are  present  at  each  end  of  the  flatpack, 
coaxial  cable.  These  chain  parameter  matrices  can  be 


calculated  for  various  configurations  of  the  flatpack, 
coaxial  cable  by  substituting  in  the  correct  values  of  the 
various  line  parameters  (Rpd,  Rshd/  s'  d'  etc,)  for  the 
given  configuration.  Once  these  individual  chain  parameter 
matrices  have  been  calculated  we  can  obtain  the  total  chain 
parameter  matrix  using  equation  (2-10)  presented  in  section 
2  .1 . 

As  stated  previously,  once  we  have  the  total  chain 
parameter  matrix,  4>T,  we  have  an  equation  which  only  re- 
.Lates  the  voltages  and  currents  at  each  end  of  the  flat- 
pack,  coaxial  cable.  To  solve  explicitly  for  the  terminal 
voltages  and  currents  of  the  line  we  must  incorporate  the 
terminal  conditions  of  the  line  into  the  equations.  This 
is  done  in  the  next  section. 

2.5  -  INCORPORATING  THE  TERMINAL  CONDITIONS 

We  will  assume  that  the  flatpack,  coaxial  cable  is 
terminated  at  each  end  as  shown  in  Figure  2.21.  This 
termination  configuration  allows  for  connection  of  a  load 
resistance  and  a  voltage  source  at  each  end  of  the  individ¬ 
ual  coaxial  cables.  Each  of  the  individual  wire  circuits 
ground  may  be  connected  to  the  reference  conductor  by 
setting  the  corresponding  PGLi  or  RGRi  shown  in  the  figure 
to  zero.  The  overall  chain  parameter  matrix  of  the  entire 
line  (including  the  pigtail  sections)  is  given  in  (2-12)  as 


Terminal  Characterization. 


GR2 


-  61  - 


where 


It 


This  equation  can  be  rewritten  as 


(2-70) 


For  the  experimental  configuration  to  be  described  in 
the  next  chapter,  all  the  shields  were  grounded  together, 

i.e.,  Rgri  =  RGLi  =  0  ^oc  i  =  1  »2,...,n-l.  Although  more 
general  shield  grounding  configurations  could  have  been 
investigated  it  is  anticipated  that  this  grounding  config*- 
uration  will  be  quite  typical.  For  the  terminal  configur¬ 
ation  shown  in  Figure  2.21  with  all  the  shields  grounded  we 
can  write  a  generalized  Thevenin  equivalent  representatior 


¥l  =  vs(0)  -  z0  iL 


(2-71) 


for  the  left  end  of  the  cable  and 


-  R  =  +  (2-72) 

for  the  right  end  of  the  cable  where  we  have  the  following 


matrix  definitions 


VL1 


By  solving  the  equations  (2-12),  (2-71),  and  (2-72)  it 

will  be  possible  to  determine  the  termina]  voltages  and 
currents  at  each  end  of  the  cable.  These  equations  have 
been  solved  in  general  in  [12]  for  IL  and  Ip.  The  equation 
that  solves  for  1^  Is  [12] 

[z^lh  -  Hth  zo  -  th  +  th  £oJ  II  = 

1^21  -  4>2i  ]  Vg(0)  -  Vg  (X.)  (2-77) 

By  relating  (2-70)  to  (2-12)  we  can  make  the  following 


(2-80) 


KTcj 

HTfl.  . 

KS  1] 

Substituting  (2-79),  (2-80),  (2-81),  (2-82),  (2-78a),  and 
(2-78b)  into  (2-77)  yields 

|  £(1)*33  8(0  134  _  1.31  £(0)  5 

I  0  £  o_  _o 

ll3  I14I  [ill  8(°>  5.1 

[*23  ^2  4  J  L  0  5.JJ 

_  f  1^11  ^J-2  ”1  _  *31  8  (t)  ^T)  „ 


yS(0)  ~  U(t) 


which  reduces  to 


SOU  *33  -  E.a)i3lS.«»  -  *13  +  ~ll5.(°)  j  »«.)  I34  --ll4 

-  ,*23  +  i2l  £.(»)  I  -~*24  J  'L 

.  p11  -  **  !  w  »s,o,  -  ysao 

_  ~21  i  ~22 

(2-83) 

Everything  in  equation  (2-83)  is  known  except  II  therefore 
we  can  solve  the  equation  for  ±L  from  which  we  can  calcu¬ 
late  the  terminal  voltages  at  the  left  end  of  the  cable  by 
substitution  of  I ^  into  equation  (2-71).  We  can  now  solve 
for  iR  using  IL  as  shown  in  [12]  as 

-R  =  “1^21  £0  "  i.2  2  1  *L  +  i21  VS(°)  (2-84) 

Substituting  (2-78c),  (2-78d),  and  Zn  into  this  equation  we 

ge 
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VC  = 


(2C)  (VG) 


(3-2) 


Z0G  +  ZS.C 

This  voltage  divides  across  the  loads  at  each  end  of  the 
receptor  wire  to  give 


'OR  = 


Z0R  +  ZU( 


(3-3) 


VIR  = 


(3-4) 


Z0R  +  Z£R 

These  induced  voltages,  VqR  and  V^R,  are  independent  of 
frequency  for  the  frequency  range  being  considered. 

We  will  calculate  the  level  of  common  impedance 

coupling  that  should  exist  for  our  experimental  setup.  If 
we  substitute  equation  (3-2)  into  (3-3)  and  divide  through 
by  the  driving  voltage,  VG*  we  obtain 

-l£L=( _ !£!_]( _ i£ _ )  u-5) 

VG  \ Z0R  +  Z £R/\ZoG  +  Z1P , 

where  VqR/vg  is  the  level  of  common  impedance  coupling 
present.  The  impedances  at  each  end  of  the  receptor  wire 
are  the  91  ft  resistors  that  terminate  each  of  the  cables  so 
Z0R  =  =  91  ft  (3-6) 

The  load  at  the  far  end  of  the  generator  wire  is,  again,  a 

91  ft  resistor  so 


=  91ft 

We  will  assume  for  our  calculations  that 


(3-7) 


ZCG  =  0 


(3-8) 


Electromagnetic  ’ 

-Coupling  Contribution 
Assuming  Perfect  Conductors 


Common  Impedance 
Coupling  Contribu'ion 


occur . 


To  illustrate  the  concept  of  common  impedance  coupling 
consider  Figure  3.7(a).  We  drive  one  of  the  wires  shown 
with  some  voltage,  V^f  and  wish  to  know  what  effect  this 
has  on  the  load  voltages  in  the  system.  For  the  case  of 
our  flatpack,  coaxial  cable,  cable  1  can  be  thought  of  as 
the  generator  wire  and  the  cable  we  are  presently  observing 
(2,  7,  or  13)  can  be  thought  of  as  the  receptor  wire.  The 
common  return,  since  all  13  shields  are  shorted  together, 
is  all  13  of  the  shields  in  parallel. 

If  we  drive  the  generator  wire  with  a  voltage,  Vq' 
then  a  current,  IG/  will  flow  in  the  generator  wire  circuit 
and  ,for  a  sufficiently  small  frequency,  can  be  calculated 
as 


Z0G  +  Z1G 


This  current  will  flow  through  the  common  return,  whose 
impedance  is  denoted  as  Z q*  This  reference  conductor 
impedance  is  a  distributed  parameter  phenomenon,  but  for 
the  frequencies  being  considered,  the  line  is  electrically 
short  and  we  may  lump  this  impedance  at  a  single  point. 
This  current  will  produce  a  voltage  across  the  reference 
conductor,  which  can  be  calculated  as 

VC  =  ZC  IG 


which  is  equal  to 


CABLE  2. 
CABLE  7. 
CABLE  13 
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Figure  3.6  -  Comparison  of  Experimental  Results  for 
Crosstalk  to  Cables  2,  7,  and  13. 
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Each  transfer  ratio  has  a  magnitude  and  a  phase;  we  will 
only  consider  their  magnitudes  denoted  as  I • ( . 

The  measurements  described  above  were  performed  for 
frequencies  ranging  from  100  Hz  to  100  MHz  in  steps  of  1, 
1.5,  2,  2.5,  3,  4,  5,  6,  7,  8,  and  9  in  each  decade.  The 
results  of  these  measurements  are  shown  in  Figure  3.6  where 
we  have  plotted  the  magnitudes  of  the  voltage  transfer 
ratios  for  cables  2,  7,  and  13  versus  frequency. 


3.2  -  ANALYSIS  OF  EXPERIMENTAL  RESULTS 

In  this  section  we  will  qualitatively  describe  the 
crosstalk  behavior  exhibited  by  the  flatpack,  coaxial  cable 
over  various  frequency  ranges  of  the  graph  shown  in  Figure 
3.6.  The  first  section  of  the  graph  we  will  consider  is 
the  portion  for  which  the  frequency  is  less  than  1  KHz.  In 
this  range  the  crosstalk  is  constant  and  approximately 
equal  to  1.8  x  10-4  for  all  three  of  the  cables.  This  type 
of  coupling  is  usually  observable  at  low  frequencies  anc  is 
known  as  common  impedance  coupling.  It  is  present  in 
circuits  in  which  two  or  more  individual  circuits  share  a 
common  return,  which  is  the  case  for  our  experimental  setup 
of  the  flatpack,  coaxial  cable.  All  13  of  the  individual 
coaxial  cable  circuits  share  the  13^h  shield  as  their 
return  therefore  we  can  expect  this  type  of  coupling  to 
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Figure  3*5 


Line  Characterization 


between  the  ends  of  the  terminating  resistors  and  the 
beginning  of  the  shielded  section.  This  distance  was 
measured  to  be  3.0  x  10“2  meters. 

To  measure  the  levels  of  crosstalk  present  in  the 
cable,  each  end  of  each  of  the  individual  coaxial  cables 
was  terminated  to  ground  with  a  resistor  whose  value  equals 
the  characteristic  impedance  of  the  cable  (91ft)  with  the 
exception  of  cable  l's  left(near)  end.  The  left(near)  end 
of  cable  1  was  then  driven  with  a  sinusoidal  voltage 

source,  v^nf  and  the  voltages  induced  on  various  cables 
were  measured  to  allow  for  the  calculation  of  the  actual 
levels  of  crosstalk  present  in  the  cable.  From  the  dimen¬ 
sions  given  previously  we  can  calculate  the  characteristic 
impedance  of  each  of  the  individual  cables  to  be  91ft.  The 
cables  were  terminated  with  91ft  resistors  as  depicted  in 
Figure  3,5  and  pictured  in  Figure  3.2. 

Three  of  the  coaxial  cables  in  the  flatpack  cable  were 
arbitrarily  chosen  for  measurement  of  the  induced  voltages, 
cables  2,  7,  ard  13.  We  are  able  to  measure  the  voltage 
transfer  ratios(i.e.,  level  of  crosstalk)  to  the  left(near) 
ends  of  each  of  the  chosen  cables  by  placing  a  known  v^n  at 
the  left(near)  end  of  cable  1  and  then  measuring  the  volt¬ 
ages  present  at  the  left(near)  ends  of  cables  2,  7,  and  13 

denoted  v ^ ,  V7,  and  V13,  respectively.  The  transfer  ratios 
can  then  be  calculated  as 


Connector  Dimensions 


denoted  as  having  radius  Rwd  is  a  wire  that  runs  the  length 
of  the  cable  and  is  pressed  against  the  interior  surface  of 
the  shield  to  allow  for  electrical  connection  to  the 
shields . 

The  cable  is  terminated  at  each  end  with  Amp  226477-1 
receptacle  connectors  [14]  to  allow  for  connection  to  each 
of  the  individual  coaxial  cables  of  the  flatpack,  coaxial 
cable.  These  connectors  contain  26  pins,  13  for  the  center 
wires  and  13  for  the  drain  wires  that  connect  to  the  indi¬ 
vidual  coaxial  shields.  One  of  these  connectors  is  shown 
in  Figure  3.2  with  pertinent  connector  dimensions  being 
shown  in  Figure  3.3. 

The  pigtail  sections  discussed  in  Chapter  2  come  about 
in  the  connector  terminations  at  the  ends  of  the  cable.  To 
allow  for  connection  to  the  center  wires  and  drain  wires  of 
the  flatuack,  coaxial  cable,  these  wires  are  extended  past 
the  end  of  the  shielded  section  and  connector  to  the  pins 
of  the  terminating  connectors.  This  can  be  more  closely 
observed  in  Figure  3.4.  The  dimensions  of  the  pigtail 
sections  with  reference  to  Figure  2.12  are 
Rpc  =  .51  x  10"3  meters 
Rpd  =  .51  x  10-3  meters 
WS  =  2.54  x  10“^  meters 
s  =  0  meters 
d  =•  5.0  x  lO-^ 

The  length  of  the  pigtail  sections, Lp,  is  the  distance 
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CHAPTER  3 


EXPERIMENTAL  RESULTS  vs.  COMPUTED  RESULTS 


The  purpose  of  this  chapter  is  to  compare  experimental 
measurements  of  the  levels  of  electromagnetic  crosstalk 
present  in  a  typical  flatpack,  coaxial  cable  to  predictions 
made  by  a  digital  computer  program  that  implements  the 
model  of  the  flatpack,  coaxial  cable  derived  in  Chapter  2. 
From  these  results  we  will  judge  whether  or  not  we  can  use 
the  model  to  simulate  the  crosstalk  present  in  this  class 
of  cables. 


3.1  -  THE  EXPERIMENT 

The  cable  chosen  for  the  experimental  work  was  an  Amp 
1-226464-3  flatpack,  coaxial  cable  which  has  13  individual 
coaxial  cables  [14].  The  cross-sectional  dimensions  of  the 
cable  with  reference  to  Figure  3.1  are: 

WS  =  100  mils  (2.54  x  10~3  meters) 

R shd  x  32  mils  (8.128  x  10"4  meters) 
tg  =  .35  mils  (8.89  x  10'6  meters) 

Rwc  =  5  mils  (1.27  x  10"4  meters) 

Rwd  =  6.3  mils  (1.6  x  10~4  meters) 
e r  =  1.5  (foamed  polyethylene) 

The  length  of  the  shielded  sections  of  the  cable,  3~g,  is 
3.015  meters.  The  drain  wire  shown  in  Figure  3.1  and 
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which  reduces  to 

lR  .  P33  i31  ~‘0>  I  ~341  iL  +  P31  *321  y£(0) 

|_*43  -  *41  £«»  I  i44j  '  |_~41  ~42- 

(2-85) 

Everything  on  the  right-hand  side  of  equation  (2-85)  is 
known  therefore  we  can  solve  for  IR  from  which  we  can 
calculate  the  terminal  voltages  at  the  right  end  of  the 
cable  by  substitution  of  IR  into  equation  (2-72). 

We  have  now  derived  a  set  of  matrix  equations,  (2-83) 


and  (2-85),  which  may  be  used  to  calculate  the  terminal 
voltages  at  each  end  of  the  cable  given  the  line  character¬ 
istics  and  terminal  characteristics.  It  is  possible  to 
predict  the  amount  of  electromagnetic  crosstalk  between  two 
cables  in  the  flatpack,  coaxial  cable  by  "driving"  one  of 
the  wires  with  a  known  voltage  and  then  calculating  the 
voltage  that  would  be  present  on  the  other  wire.  The 
crosstalk  would  then  be  equal  to  the  ratio  of  these  two 
voltages.  This  approach  will  be  taken  in  the  next  chapter 
to  attempt  to  predict  the  crosstalk  present  in  a  given 
flatpack,  coaxial  cable.  To  test  the  accuracy  of  the 
predictions,  they  will  be  compared  to  .ctual  experimental 
measurements . 
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The  only  value  needed  to  solve  equation  (3-5)  is  the  value 
of  the  resistance  of  the  common  return,  Zc.  This  value  is 
simply  the  value  of  13  shields  in  parallel  which  can  be 
written  as 


ZC  ■  — 


(3-9) 


where  ZgH  denotes  the  resistance  of  a  single  shield. 

To  calculate  ZSH  we  first  look  at  the  construction  of 
an  individual  shield,  shown  in  Figure  3.8.  The  shields 
consist  of  a  .35  mil  thickness  of  aluminum  bonded  to  a  1 
mil  thickness  of  mylar.  Each  circular  shield  is  formed  in 
a  "cigarette  wrapper"  form  as  shown.  The  impedance  of  one 
of  these  shields  can  be  calculated  as 


JSH  = 


(3-10) 


a  w  t< 


where  a  is  the  conductivity  of  the  shield  (aluminum,  i.e., 
a  =  3.82  x  107)f  ts  is  fche  thickness  of  the  shield,  and  w 
is  the  width  of  the  "rolled  out"  shield  which  was  measured 
to  be  270  mils.  For  our  given  cable  we  find  that 
zcu  =  1.294641ft  so  that 


'C  =  77ZSH  =  .0  99587  8  ft 


(3-11) 


Substituting  the  values  given  by  (3-6),  (3-7),  (3-8),  and 


(3-11)  into  equation  (3-5)  yields 


5.472  X  10~q 


(3-12) 


VG 

which  is  far  from  the  measured  value  of  the  crosstalk 
1.8  x  10~4.  The  concept  of  common  impedance  coupling  is 
widely  used  and  known  to  be  accurateTl].  Therefore  we 
reconsider  the  formulation  of  Vqr/Vq.  The  values  Zqr,  Z^r' 
Z0G,  and  Z^G  are  fixed.  The  only  place  an  error  could 
occur  is  in  our  formulation  of  ZG*  The  <3c  resistance  of 
one  of  the  shields  was  measured  and  found  to  be  ,4154ft 
which  is  far  from  our  calculated  value  of  1.294641ft. 

The  "problem"  with  the  shield  impedance  was  investi¬ 
gated  further.  Looking  back  at  Figure  3.1  one  notes  that 
each  of  the  shields  have  a  drain  wire  that  runs  the  length 
of  the  cable  and  is  in  direct  contact  with  the  shield  along 
that  distance.  This  suggests  that  the  impedance  of  the 
returns  of  each  of  the  individual  circuits  should  be 
modelled  as  a  drain  wire  in  parallel  with  the  shield 
instead  of  just  the  impedance  of  the  shield.  The  per-unit- 
length  dc  bhieid  impedance,  is  calculated  as 

1 

2SU  “  - - - *  .42y4  ft/meter  (3-13) 

J  w  ts 

The  per  - un r t - length  drain  wire  impedance,  z^,  can  be  calcu¬ 
lated  a  a 

] 

=  -  =  .2141  /me  ter  (3-14) 

L>  :i  Rwd 


w  h  e  r  e 


i  u  the  conductivity  of  the  drain  wire  (in  our  case 


copper).  We  can  model  the  drain  wire  -  shield  impedance  as 
N  sections  of  length  i-s/N  as  shown  in  Figure  3.9(a).  It 
can  be  mathematically  proven  that  the  circuit  shown  in 
Figure  3.9(a)  is  equivalent  to  the  circuit  shown  in  Figure 
3.9(b)  regardless  of  the  value  of  N. 

If  we  now  calculate  the  dc  impedance  of  the  common 
return  for  all  the  circuits,  which  is  13  of  these  drain 
wire  -  shield  combinations  in  parallel  we  obtain 


ZC  - 


(ZD  II  Zgg) 


■  .033154  ft 


(3-15) 


where  I  I  stands  for  "in  parallel  with".  If  we  substitute 
this  new  value  of  Zq  into  equation  (3-5)  with  all  other 
values  as  they  were  before  we  obtain 


=  1.82  x  10"4 


(3-16) 


which  compare  very  favorably  to  the  measured  value  of 
1.8  x  10~4.  This  implies  that  we  must  include  the  drain 
wire  impedance  in  all  calculations  dealing  with  the  shield 
impedance . 

The  next  section  of  the  graph  shown  in  Figure  3.6  we 
wish  to  consider  is  the  frequency  range  of  1  KHz  to  1  MHz. 
Ideally  when  crosstalk  is  measured  for  transmission  lines 
the  voltage  transfer  ratio  should  begin  at  the  level  of  the 
common  impedance  coupling,  stay  at  that  level  for  a  range 
of  frequencies,  and  then  roll  off  at  20  dB/decade.  If  we 
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look  at  Figure  3.6  we  see  that  instead  of  rolling  off  at 
20  dB/decade,  cables  7  and  13  exhibit  "bumps"  around  the 
frequency  of  200  KHz  and  the  voltage  transfer  ratio  for 
cable  2  actually  increases  over  this  region.  The  shield 
impedance  may,  as  before,  account  for  this  "strange" 
behavior  of  the  voltage  transfer  ratio.  The  shield 
impedance  was  therefore  measured  for  the  frequency  range  of 
100  Hz  to  10  MHz.  The  results  are  shown  in  Figure  3.10. 
The  shield  -  drain  wire  impedance  was  calculated  for  the 
same  frequency  range  as  stated  above  and  those  results  also 
shown  in  Figure  3.10. 

The  shield  wall  (tg  =  .35  mils)  is  one  skin  depth  at 
84  MHz  which  implies  that  the  shield  impedance  (as  well  as 
the  transfer  impedance)  should  be  relatively  constant  up  to 
this  frequency.  To  measure  this  impedance  the  flatpack 
cable  was  formed  in  a  loop  to  allow  for  connection  to  the 
measuring  equipment.  At  frequencies  above  1  MHz  the  induc¬ 
tance  of  this  loop  will  start  to  affect  the  impedance 
measurements  therefore  we  cannot  trust  our  measurements 
above  this  frequency.  Below  this  range,  however,  our  mea¬ 
surements  seem  to  match  the  computed  values  very  closely. 
If  we  look  at  the  computed  impedance  of  the  drain  wire  - 
shield  combination  we  notice  that  its  impedance  starts  to 
increase  at  approximately  200  KHz,  the  exact  same  frequency 
that  the  "bumps"  occurred  in  the  voltage  transfer  ratio. 
It  will  be  shown  later  that  this  increase  in  the 
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Figure  3-10  -  Measured  and  Computed  Shield  Impedance 


impedance  does,  in  fact,  account  for  the  "bumps"  that  occur 
in  the  voltage  transfer  ratios.  To  verify  this  increasing 
of  the  shield  impedance,  independent  measurements  of  the 
shield  impedance  of  a  similiar  cable  were  made  in  a 
quadraxial  test  fixture  116].  The  results  showed  the  same 
trend  as  our  experimental  data. 

The  next  portion  of  the  graph  shown  in  Figure  3.6  that 
we  consider  is  that  for  which  the  frequency  is  in  the  range 
of  1  MHz  to  10  MHz.  Over  this  region  the  crosstalk  begins 
to  increase  at  a  rate  of  20  dB/decade.  This  is  due  solely 
to  the  exposed  pigtail  sections  in  the  connectors.  This 
point  is  addressed  in  more  detail  in  [4,13].  Basically 
these  documents  show  that  for  an  electrically  short  line, 
the  coupling  that  occurs  over  the  shielded  section  and  the 
coupling  that  occurs  over  the  the  pigtail  sections  can  be 
superimposed.  The  coupling  over  the  shielded  section 
should  either  remain  constant  or  roll  off  as  frequency 
increases.  The  coupling  over  the  pigtail  sections, 
however,  is  increasing  at  20  dB/decade  [4,13].  Thus  there 
exists  a  frequency  at  which  the  pigtail  coupling  level  will 
begin  to  dominate  the  overall  coupling.  This  occurs  at 
approximately  1  MHz  for  our  configuration. 

To  further  illustrate  the  pigtail  effect,  the  driving 
wire  pigtail  was  removed  from  the  connectors  at  each  end  of 
the  cable,  and  cable  1  driven  precisely  at  the  input  of  the 


shielded  section.  This  should  eliminate  most  of  the  direct 
coupling  over  the  pigtail  section.  Some  secondary  coupling 
will  still  exist  due  to  the  pigtails  of  the  undriven  wires 
but  it  should  be  small  in  comparison  to  the  coupling  with 
the  driving  pigtail  wire  present.  The  crosstalk  for  cables 
2,  7,  and  13  were  remeasured  with  the  driving  pigtail  wire 
removed  and  the  results  are  shown  in  Figures  3.11,  3.12, 
and  3.13.  Note  that  removing  the  driven  wire  from  the 
pigtail  section  has  reduced  the  crosstalk  by  over  20  dB 
which  confirms  the  pigtail  effect. 

The  final  portion  of  the  graph  shown  in  Figure  3.6 
that  we  need  to  consider  is  that  portion  for  which  the 
frequency  is  greater  than  10  MHz.  Over  this  frequency 
range  the  line  is  becoming  electrically  long.  It  is  ex¬ 
pected  that  prediction  of  the  crosstalk  over  this  range 
would  be  difficult  but  will  be  shown  later  that  the  model 
derived  in  Chapter  2  does  fairly  accurately  predict  the 
levels  of  crosstalk  in  this  region. 

3.3  -  THE  TRANSMISSION  LINE  MODEL 

A  digital  computer  program  (FLATCOAX)  was  written  to 
implement  the  multiconductor  transmission  line  model  of  the 
flatpack,  coaxial  cable  which  was  derived  in  Chapter  2. 
The  use  of  this  program  will  be  described  in  Chapter  5. 
The  program  reads  input  data  that  consist  of  the  line 
dimensions,  pertinent  dimensions  of  the  pigtail  sections, 
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terminal  characteristics,  and  desired  frequency  of  computa¬ 
tion.  It  then  computes  the  overall  chain  parameter  matrix 
for  the  described  cable,  incorporates  the  terminal  condi¬ 
tions,  and  solves  for  the  terminal  voltages  at  each  end  of 
the  listed  frequencies. 

The  predicted  levels  of  crosstalk  for  cables  2,  7,  and 
13  are  plotted  along  with  their  experimental  values  in 
Figures  3.14,  3.15,  and  3.16.  Note  that  the  predictions 

u : e  generally  quite  satisfactory.  For  frequencies  above 
10  MHz,  the  line  is  becoming  electrically  long,  as  stated 
previously,  and  accurate  predictions  in  this  range  are  more 
difficult. 

Due  to  the  favorable  correlation  between  the  computed 
and  experimental  results  we  can  conclude  that  it  is  possi¬ 
ble  to  accurately  predict  the  crosstalk  present  in  a 
iatpack,  coaxial  cable  using  the  method  derived  in  Chapter 
3.  To  illustrate  the  large  variation  in  crosstalk  levels 
within  the  flatpack,  coaxial  cable,  the  predictions  of  the 
c:\sstalk  for  all  13  cables  at  the  near  and  far  ends  of  the 
■---tie  are  shown  in  Figures  3.17  and  3.13.  Note  that  there 
■i  a  maximum  difference  in  crosstalk  levels  between  indi- 
'•'-dual  coaxial  cables  in  the  flatpack  cable  of  as  much  as 
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CABLE  7  CROSSTALK 


Figure  3-15  -  Predicted  versus  Experimental  Results  for  Cable 


Figure  3.18  -  Predictions  of  far-end  Crosstalk 


CHAPTER  4 


COMPUTER  PROGRAM  DESCRIPTION 


Qualified  requesters  may  obtain  copies  of  Chapter  4  by  contacting 
RADC  (RBCT/Roy  Stratton)  Griff iss  AFB  NY  13441-5700,  or  calling 
315-330-2563 


CHAPTER  5 


USERS  MANUAL  FOR  FLATCOAX 


Qualified  requesters  may  obtain  copies  of  Chapter  5 
RADC  (RBCT/Roy  Stratton)  Griffiss  AFB  NY  13441-5700 
315-330-2563 


by  contacting 
or  calling 
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CHAPTER  6 


SUMMARY  AND  CONCLUSIONS 


Crosstalk  is  present  in  almost  every  situation  in 
which  two  or  more  electrical  circuits  are  in  close  proxim¬ 
ity  to  one  another.  It  is  often  desirable  to  be  able  to 
predict/  in  advance,  these  levels  of  crosstalk  for  a  given 
configuration.  From  these  predictions  a  design  engineer 
would  be  able  to  judge  whether  these  levels  of  crosstalk 
would  be  acceptable  in  a  given  application.  If  the  pre¬ 
dicted  levels  were  not  acceptable,  the  cables  could  be 
"reconfigured"  and  the  new  levels  of  crosstalk  predicted. 
This  would  point  out  to  the  designer ,  apriori ,  any  config¬ 
uration  that  will  not  meet  the  specifications  given  and 
allow  for  correction  of  the  problem  on  paper  before  the 
system  is  built.  Thus  costly  rerouting  of  cables  or 
redesigning  of  the  system  may  be  eliminated. 

A  multiconductor,  transmission  line  ( MTL)  model  was 
derived  in  Chapter  2  to  allow  for  this  prediction  of  the 
levels  of  crosstalk  present  in  a  class  of  cables  known  as 
flatpack,  coaxial  cables.  Predictions  made  with  this  model 
were  compared  to  experimental  results  in  Chapter  3  and  were 
found  to  be  very  accurate.  While  analyzing  these  experi¬ 
mental  and  computed  crosstalk  levels,  it  was  found  that 
common  impedance  coupling  due  to  the  common  grounding  of 
the  shields  was  the  dominant  contributor  to  the  total 
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crosstalk  at  the  lower  frequencies.  It  was  also  found  that 
the  presence  of  drain  wires  have  a  significant  effect  on 
the  electromagnetic  coupling  and,  for  our  given  configur¬ 
ation,  actually  lower  the  crosstalk  from  that  which  would 
be  present  without  the  drain  wires. 

It  was  also  found  that  the  presence  of  exposed, 
pigtail  sections  such  as  occur  in  plastic  connectors  can 
greatly  increase  the  crosstalk  present  in  a  given  cable  at 
the  higher  frequencies.  This  increase  was  found  to  be  on 
the  order  of  40  dB  greater  than  if  no  pigtail  sections  were 
present. 

The  program,  FLATCOAX,  that  was  used  to  obtain  the 
computed  results  used  in  Chapter  3  is  listed  in  Appendix  A 
with  a  description  of  its  operation  given  in  Chapter  5. 
Due  to  its  accuracy  in  predicting  experimental  results  we 
can  conclude  that  the  multiconductor  transmission  line 
model  derived  in  Chapter  2  and  implemented  in  this  program 
is  valid  and  can  be  used  to  predict  levels  of  crosstalk 
present  in  flatpack,  coaxial  cables.  Therefore  the  program 
can  serve  as  a  useful  simulation  model  for  design  purposes. 


Appendix  A 

FLATCOAX  Program  Listing 


Qualified  requesters  may  obtain  copies  of  Appendix  A  by  contacting 
RADC  (RBCT/Roy  Stratton)  Griffiss  AFB  NY  13441-5700,  or  calling 
315-330-2563 


Appendix  B 

Conversion  of  FLATCOAX  to  Single  Precision 


Qualified  requesters  may  obtain  copies  of  Appendix  B  by  contacting 
RADC  (RBCT/Roy  Stratton)  Griff iss  AFB  NY  13441-5700,  or  calling 
315-330-2563 
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RAVC  plans  and  executes  research,  de.veZopme.nt,  test  and 
4 elected,  acquisition  programs  in  support  of  Command,  Control 
Communications  and  Intelligence  [C3 1)  activities.  Technical 
and  engineering  support  within  areas  of  technical  competence 
is  provided  to  ESP  Program  Offices  (P0&)  and  other  ESP 
elements.  The  principal  technical  mission  areas  are 
communications,  electromagnetic  guidance  and  control,  sur¬ 
veillance  o f  ground  and  aerospace  objects,  intelligence  data 
collection  and  handling,  information  system  technology, 
ionospheric  propagation,  solid  state  sciences,  microwave 
physics  and  electronic  reliability,  maintainability  and 
compatibility. 
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